iRHOM2, encoded by the gene Rhbdf2, regulates the maturation of the TNF-α convertase (TACE), which controls shedding of TNF-α and its biological activity in vivo. TACE is a potential target to treat TNF-α-dependent diseases, such as rheumatoid arthritis, but there are concerns about potential side effects, because TACE also protects the skin and intestinal barrier by activating EGFR signaling. Here we report that inactivation of Rhbdf2 allows tissue-specific regulation of TACE by selectively preventing its maturation in immune cells, without affecting its homeostatic functions in other tissues. The related iRHOM1, which is widely expressed, except in hematopoietic cells, supported TACE maturation and shedding of the EGFR ligand TGF-α in Rhbdf2-deficient cells. Remarkably, mice lacking Rhbdf2 were protected from K/BxN inflammatory arthritis to the same extent as mice lacking TACE in myeloid cells or Tnfa-deficient mice. In probing the underlying mechanism, we found that two main drivers of K/BxN arthritis, complement C5a and immune complexes, stimulated iRHOM2/ TACE-dependent shedding of TNF-α in mouse and human cells. These data demonstrate that iRHOM2 and myeloid-expressed TACE play a critical role in inflammatory arthritis and indicate that iRHOM2 is a potential therapeutic target for selective inactivation of TACE in myeloid cells.
Introduction
iRHOM2, an inactive member of the Rhomboid intramembrane proteinase family, was recently identified as regulator of the TNF-α convertase (TACE) (1) (2) (3) . TACE is essential for activating the EGFR and for releasing TNF-α (4) (5) (6) (7) (8) . Since biologic TNF-α blockers are widely used to treat rheumatoid arthritis (RA), a destructive, inflammatory joint disease affecting 0.5%-1% of the population, TACE is a potential alternative target for treatment of RA. However, a recently identified TACE-deficient patient revealed key roles for TACE in protecting the skin and intestinal barrier in humans (9) . Notably, similar skin defects are recapitulated in mice lacking either TACE or EGFR in keratinocytes (10) , and mice with strongly reduced TACE are susceptible to DSS colitis, a model for inflammatory bowel disease, probably because of a lack of EGFR signaling (11, 12) . The protective role of TACE in the skin and intestine raises concerns about the potential side effects of targeting of TACE. It would be preferable to selectively inactivate TACE without compromising its protective functions, but, to date, there is no suitable approach to accomplish this. Here, we report that iRHOM2 is a good target to inactivate TACE in myeloid cells without affecting its protective functions and that iRHOM2 might therefore be an attractive new target for treatment of RA.
Results and Discussion
iRHOM2 controls the maturation of TACE, yet Rhbdf2 -/-mice are healthy (1-3), whereas Tace -/-mice die perinatally (5, 7). To address this apparent paradox, we assessed whether iRHOM2 affects TACE maturation in tissues other than macrophages. In Western blots of Rhbdf2 -/-tissues, mature TACE was not detected in bone marrow and was strongly reduced in lymph nodes but was clearly present in the brain, heart, kidney, liver, lung, and spleen ( Figure 1A ), in approximate concordance with the expression of the related iRHOM1 (BioGPS atlas, mu-iRHOM1). We therefore tested whether it is iRHOM1 that supports TACE maturation in Rhbdf2 -/-mouse embryonic fibroblasts (mEFs), which expressed higher iRHOM1 levels than macrophages ( Figure 1B and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI66168DS1) and had normal levels of mature TACE in Western blots ( Figure 1C ; control: Tace -/-mEFs). Rhbdf2 -/-mEFs shed the TACE substrate and EGFR ligand, TGF-α, at comparable levels to those of WT controls ( Figure 1D ). However, TGF-α shedding was strongly reduced in Rhbdf2 -/-mEFs treated with iRhom1 siRNA ( Figure 1D ; control: Tace -/-mEFs). Western blots showed normal mature TACE levels in iRhom1 siRNAtreated WT mEFs but strongly reduced mature TACE levels in iRhom1 siRNA-treated Rhbdf2 -/-mEFs; iRhom1 siRNA was effective in both WT and mutant cells (Figure 1 , E and F). Since iRHOM1 was not upregulated in Rhbdf2 -/-mEFs ( Figure 1B and Supplemental Figure 1 ), iRHOM1 was sufficient for TACE maturation and function. In Rhbdf2 -/-primary keratinocytes, which expressed similar iRHOM1 levels as mEFs ( Figure 1B and Supplemental Figure 1 ), mature TACE levels and the release of endogenous TGF-α were comparable to those in controls ( Figure 1, G and H) . Since TACE and TGF are crucial for skin barrier maintenance in mice (10) and TACE/EGFR signaling protects from DSS colitis (11, 12) , these findings provide a compelling explanation for the lack of skin and intestinal defects in Rhbdf2 -/-mice (3).
To explore the role of iRHOM2 in RA, we isolated synovial macrophages from patients with RA and found a significant upregulation of iRHOM2 expression compared with that in healthy controls ( Figure 2A ). We then assessed the role of iRHOM2 in the K/BxN mouse RA model, which has a substantial TNF-α-dependent component (although some Tnfa -/-mice are not protected from disease; refs. 13, 14) . K/BxN inflammatory arthritis was significantly attenuated in Rhbdf2 -/-mice compared with that in controls, showing less joint swelling ( Figure 2B Figure 2B ) or Tnfa -/-mice (13, 14) , Tace ΔMC mice (mice with Tace deleted [Δ] in myeloid cells) (5) were similarly protected from serum transfer arthritis. Thus, the protection of Rhbdf2 -/-mice from K/BxN inflammatory arthritis most likely involves inactivation of TACE-dependent TNF-α release from myeloid cells.
To understand why Rhbdf2 -/-and Tace ΔMC mice are protected from K/BxN arthritis, we tested whether two crucial drivers of this model, C5a receptor and FcγR (13, 15) , activate iRHOM2/ TACE-dependent TNF-α shedding. We found that stimulation of Tace ΔMC macrophages or Tace -/-fetal liver macrophages with C5a triggered markedly reduced TNF-α release compared with that in controls ( Figure 3A) . Human monocytes behaved similarly, in that C5a also activated TACE to shed TNF-α, as evidenced by the inhibitory effect of TACE-selective hydroxamates (SP26 and DPC333; Figure 3B ). Moreover, crosslinking FcγRIIa or FcγRIII on human monocytes with mAbs or immune complexes (ICs) (18) stimulated TNF-α shedding, which was enhanced by C5a, and inhibited by DPC333 ( Figure 3C ). Treatment of human macrophages with C5a or IC stimulated the production of RHBDF2 mRNA and TACE (Supplemental Figure 3) . Addition of the TACE inhibitor DPC333 or etanercept reduced TNFA mRNA, suggesting that iRHOM2/TACE inhibitors could have unanticipated antiinflammatory benefits by reducing not only TNF-α shedding, but also its biosynthesis (Supplemental Figure 4) . Of note, TACE was not required for other C5a receptor-mediated and Fcγ receptormediated (C5aR-mediated and FcγR-mediated) effector functions that are essential for microbial host defense, such as phagocytosis and generation of reactive oxidants (Supplemental Figure 5) .
To determine whether iRHOM2 regulates TACE in human monocytes, these were treated with iRHOM2 siRNA, which reduced mature TACE, but not pro-TACE, as in Rhbdf2 -/-BMderived macrophages (BMDMs) (1-3), whereas TACE siRNA reduced both forms (Figure 3, D and E) . iRHOM2 siRNA or TACE siRNA significantly decreased the C5a-, IC-, or C5a/IC-stimulated release of TNF-α, establishing iRHOM2 as a key molecule in complement-and IC-stimulated TNF-α release from human monocytes ( Figure 3F ). C5a-and IC-stimulated TNF-α shedding were attenuated, in some cases differentially, by inhibitors of Src family kinases, p38MAPK, PKC, MEK, and Syk, some of which prevent arthritis in rodent models (Supplemental Figure  6) . Finally, the in vivo relevance of TACE and iRHOM2 in C5a-and IC-stimulated TNF-α release was confirmed in reverse passive Arthus reaction peritonitis (19) , where soluble TNF-α was markedly reduced in the peritoneal lavage in Tace ΔMC and Rhbdf2 -/-mice ( Figure 3G ). Taken together, our results demonstrate for the first time to our knowledge that C5a-C5aR and IC-FcγR both activate iRHOM2/TACE to release TNF-α, providing mechanistic insights into how these 2 pathways promote inflammatory RA. The pathway by which C5a and ICs activate TACE is presumably sequential, as both stimuli can activate TACE strongly, but blocking either prevents serum transfer RA (13, 15) .
In summary, our results explain why Rhbdf2 -/-mice display no obvious spontaneous pathologies: mature TACE is produced in most somatic tissues of Rhbdf2 -/-mice. The related iRHOM1, which is expressed in somatic tissues but not in most hematopoi- C) and (H) blinded scoring of ankle sections from Tace ΔMC mice and controls for inflammation and cartilage erosion (n = 14 each; mean +SD). *P < 0.05, Mann-Whitney U test.
etic cells, appears to support TACE maturation and function in the absence of iRHOM2, as shown in fibroblasts. Importantly, the lack of mature TACE in immune cells of Rhbdf2 -/-mice offers significant protection from inflammatory arthritis, comparable to what is observed in Tace ΔMC mice or Tnfa -/-mice. Because iRHOM2 and TACE are essential for the release of TNF-α from myeloid cells, and because TNF-α is a successful target for the treatment of RA, iRHOM2 may offer the unique and exciting prospect of cell type-specific blockade of TACE and TNF-α shedding. The skin and intestinal inflammation in a patient lacking TACE (9) emphasize the important opportunity provided by targeting iRHOM2 to limit immune cell-specific TACE activation in RA and possibly other TNF-α-dependent pathologies, yet avoid the potential consequences of systemic TACE inactivation.
Methods
Mice. Tace ΔMC , Tace -/-, and Rhbdf2 -/-mice (2, 5) were of 129Sv/C57BL/6 mixed background. C5aR -/-mice (C57BL/6) were from C. Gerard (20) . Reagents. Recombinant human C5a and C3a (EMD4Biosciences) and recombinant human TNF-α (R&D Systems) were endotoxin free (Limulus Amebocyte Lysate Pyrochrome Kit, Cape Cod Inc.). E. coli LPS (Chemicon); SP26 (16) (Schering Plough); anti-TACE D1(A12) (17) (from G. Murphy and C. Tape, Cambridge University, Cambridge, United Kingdom); DPC333 (16) (from R. Waltermire, Brystol-Myers Squibb); FACS antibodies (BD Pharmingen); TGF-α ELISA (R&D Systems); anti-iRHOM1 (Sigma-Aldrich); anti-TACE, anti-ADAM9, or anti-ADAM15 (Blobel lab); and signaling inhibitors (Milipore) were also used.
Cell culture. CD14 + monocytes were purified as described previously (21) . Macrophages were derived by culturing monocytes for 16 to 24 hours in 10% FBS α-MEM (Invitrogen) and 10 ng/ml hM-CSF (Peprotech). Mouse BMDMs (21) were maintained in DMEM, 20% FBS, and 10 ng/ml mM-CSF. Keratinocytes and mEFs were isolated as described previously (2, 22) .
Figure 3
Complement C5a and ICs activate TACE to shed TNF-α. (A) C5a-induced TNF-α shedding from Tace ΔMC BMDMs or fetal liver-derived macrophages from Tace -/-mice or controls, assessed by ELISA after 3 to 4 hours of stimulation (n = 4; mean + SD). (B) TNF-α shedding by human monocytes during 2-hour stimulation with C5a (1 μg/ml) plus TACE inhibitors (SP26, DPC333) and anti-TACE antibody D1(A12) (representative of 4 experiments; mean + SD; *P < 0.05). (C) TNF-α shedding by human monocytes induced by FcγR crosslinking (mAbs or model IC [concentration, 0.25 mg/ml IVIg]) and/or C5a (1 μg/ml), assessed after 2 hours (representative of 3 experiments; mean + SD, *P < 0.05, DPC333 vs. control). (D) Human monocytes have reduced RHBDF2 mRNA when treated with iRHOM2 siRNA, but not with TACE siRNA, and (E) iRHOM2 siRNA treatment of human monocytes reduced mature TACE, but not pro-TACE, in a Western blot, whereas TACE siRNA reduced pro-and mature TACE (n = 3). (F) TNF-α release from C5a-, IC-, and IC/C5a-stimulated cells treated with or without iRHOM2 siRNA or TACE siRNA (n = 3; mean + SD; *P < 0.05, stimulated control siRNA vs. iRHOM2 siRNA or TACE siRNA, 1-way ANOVA, followed by Dunnett's test). (G) Soluble TNF-α in the peritoneal lavage of Tace ΔMC (n = 6) or Rhbdf2 -/-mice (n = 4) and controls injected with ova plus anti-ova for 3 to 4 hours (n = 6).
